ABSTRACT: WO 3 thin films have been deposited in a hierarchically structured core−shell morphology, with the cores consisting of an array of Si microwires and the shells consisting of a controlled morphology WO 3 layer. Porosity was introduced into the WO 3 outer shell by using a self-assembled microsphere colloidal crystal as a mask during the deposition of the WO 3 shell. Compared to conformal, unstructured WO 3 shells on Si microwires, the hierarchically structured core−shell photoanodes exhibited enhanced near-visible spectral response behavior, due to increased light absorption and reduced distances over which photogenerated carriers were collected. The use of structured substrates also improved the growth rate of microsphere-based colloidal crystals and suggests strategies for the use of colloidal materials in large-scale applications.
T hree-dimensional structuring of semiconductor photoelectrodes can enhance the efficiency with which electrodes can convert absorbed photons into collected charge carriers. For example, microwire-based structures allow matching of the long light-absorption lengths characteristic of indirect band-gap semiconductors to the length of the microwire, while the carrier-collection length is simultaneously matched to the radius of the microwire. 1 Additional multiscale structuring can beneficially increase light scattering and absorption in such materials by scattering light into the extended dimensions of the absorber layer. 2, 3 Multiscale structuring can also increase the surface area available for catalyst loading, can reduce constraints on catalyst turnover, and can minimize the parasitic absorption or reflection that results when catalysts are located in the path of light. 4, 5 Additionally, the performance and mechanical stability of materials that change volume due to electrochemical intercalation reactions, for example, battery electrodes 6, 7 and electrochromic bronzes 8 can be improved by structuring such materials on multiple length scales.
For some photoelectrochemical applications, such as for semiconductor-based Z-scheme artificial photosynthesis for solar-fuels production, 9 ,10 multiple light absorbers must be coupled in series, both electrically and along the path of incident illumination. In general, the two light absorbers used in these devices, such as metal-oxide photoanodes coupled with Si photocathodes 11, 12 and composite metal-oxide photocatalysts, 13 have mutually disparate electrical and optical properties. Hence, multiscale structuring could be beneficially exploited to simultaneously optimize the photoelectrochemical performance of each component in the system. Si microwire substrates have been used as efficient photocathodes for hydrogen evolution 14 and Si/ITO/WO 3 microwire arrays have been utilized as a model tandem watersplitting electrode system. 12 In these electrodes, the microwire geometry is chosen to optimize the properties of the Si photocathode and not necessarily to optimize the performance of the integrated device. The performance of the Si/ITO/WO 3 tandem architecture is limited by the photoanode due to the large band gap of WO 3 . Strategies that improve the photocurrent in the WO 3 layer through hierarchical structuring will simultaneously improve the performance of the full device. In general, maximization of the performance of a tandem device based on a high-aspect-ratio Si substrate will require an independent structural optimization for the semiconductor being coupled to the substrate. Methods that enable the controlled addition of microstructure to materials coupled to high-aspect-ratio substrates will therefore also enable the production of efficient photoelectrochemical water-splitting devices.
We describe herein the preparation, photoelectrochemical characterization, and optical characterization, including optical modeling and simulation, of exemplary photoanodes that have been hierarchically structured on multiple length scales. Specifically, sidewall-microsphere lithography has been used to template controlled structure and porosity into the WO 3 shell of Si/ITO/WO 3 core−shell microwire arrays. Sidewallmicrosphere lithography is a general method to pattern a conformal layer of a microstructured, electrodeposited semiconductor onto these high-aspect-ratio substrates, by use of a self-assembled colloidal crystal as a deposition template ( Figure  1 ). For a given Si microwire geometry, the microstructure of a conformal shell of WO 3 can be independently controlled by selection of the diameter of the colloids used in the lithography. The desired porous WO 3 structure can then be electrodeposited conformally over the entire surface of the Si microwire with high fidelity over large electrode areas. Additionally, the pore diameter can be tuned continuously by choice of the diameter of the microspheres in the template.
Core−shell Si/ITO/WO 3 microwire arrays were prepared by methods described in the Supporting Information. Briefly, WO 3 was electrodeposited onto Si microwire arrays that had been sputtered with a conformal layer of ITO to provide an ohmic contact between the semiconductors. Porous core−shell electrodes were prepared using nominally identical processes as for plain electrodes, though with the use of an infiltrating colloidal crystal as an electrodeposition template. This template of polystyrene microspheres was produced by evaporative selfassembly in the Si microwire-array substrates (Figure 2 ). After the solvent had evaporated (∼24 h at 55°C), a uniform layer of polystyrene had visibly infiltrated the microwire array. The uniformity and thickness of the layer was essentially independent of the diameter of the microspheres. The infilling colloidal assembly had a diameter-dependent opalescence (no color for 100 nm, green reflection for 350 and 500 nm microspheres, red reflection for 750 and 1000 nm microspheres), indicating some amount of crystallinity in the collective structure.
Cross-sectional scanning electron microscopy (SEM) images of the infilling polystyrene colloidal assemblies (Figure 2a) indicated that the evaporative self-assembly method filled the void volume of the microwire array to the top of the wires and terminated at a height approximately equal to the tips of the wire or slightly above, leaving the microwire array completely buried in the microsphere template. High-resolution SEM images showed significant ordering of the infilling microspheres in the microwire arrays (Figure 2b ). The microsphere assemblies could be patterned across large areas of microwirearray substrates (up to 2 cm × 1 cm, the largest substrates used) without affecting the fidelity of the patterning (Supporting Information Figure SI.1) . The self-assembly of the microsphere structures did not depend on the diameter of the microsphere or on the length of the microwires, up to the maximum tested length of 80 μm. For comparison, dropcasting equivalent solutions of microspheres resulted in poor patterning fidelity and produced nonuniform heights in the template even on length scales comparable to the 7 μm interwire spacing of the microwire array.
After sintering, the polystyrene microsphere assemblies were stable when placed into solution and therefore provided electrodeposition templates. At a given potential, the electrodeposition current density was reduced slightly on the templated samples relative to the current density observed for samples that only had been exposed to the base-layer deposition step, so longer deposition durations were required for the microsphere-infiltrated assemblies to achieve the same passed-charge density. The reduction in current density was independent of the microsphere diameter, except for the smallest microsphere diameters (100 nm). Although the deposition current density was reduced, no difference was observed in the diameter of the shell structure at the top and bottom of the wires after templating, as would be expected if the reduction in current density was due to restricted mass transport of the electrodeposition species into the microsphere template.
SEM images of the microsphere-templated layers on Si microwires indicated that pores of a desired diameter could be fabricated directly and conformally into the shell structure (Figure 2c ). Multiple layers of pores were observed for smaller diameter colloids (Figure 2c 350 nm, for example). These conformally porous shells deposited with high fidelity over the largest substrate areas used herein with Figure SI .2 of the Supporting Information providing an example of a large-area deposition. The electrodeposited films were mechanically stabilized by the microsphere assembly, so multiple deposition and annealing steps were not necessary, in contrast to the steps required to electrodeposit thick layers of WO 3 on planar substrates. 16, 17 Finite-difference time-domain (FDTD) simulations 18, 19 were performed to assess the absorption of these Si/WO 3 core−shell structures at wavelengths up to those corresponding to the band gap of WO 3 (∼440 nm for the tungsten oxide band gap of E g = 2.8 eV). Details regarding the simulation parameters, geometry, and methods are included in the Supporting Information. As a control, the absorption in the porous core− shell structures was compared to that for two plain core−shell geometries. The first geometry was an equivalent-volume structure having a radius of 1.3 μm (Figure 3a) , which represents the same volume of WO 3 material in the structure. As the extended radius of the porous core−shell structure (1000 nm pores, Figure 3b ) may offer a trivial absorption advantage over the equal-volume structure, the second plain core−shell geometry was a structure that had a radius approximately equal to the radius of the largest porous core− shell microwire structure (radius = 2.06 μm, Figure 3c ). Figure  3d ,e shows the FDTD simulation profiles of the absorption under 400 nm illumination in the shell structure for the equalradius plain core−shell and for the 1000 nm porous core−shell structures. Figure 3f shows A sim (λ), the calculated wavelength-dependent absorption, in the WO 3 shell component of these structures for both plain and porous core−shell structures. The absorption fraction is lower than the projected area fraction of the microwire structure in the illumination path (0.108 for 1.3 μm radius, 0.272 for 2.06 μm radius), indicating that roughly half of the illumination directly incident on the structures was lost due to reflection, transmission, and parasitic absorption in the Si core. The absorption profiles for the porous structures were uniformly higher than the equivalent-volume plain case, most likely due to the trivial enhancement generated by the larger projected area of the porous structure collecting more incident intensity. The absorption profile for the 750 nm porous structure was lower at all wavelengths than the rest of the porous structures, which is consistent with the significantly smaller radius of this structure compared to the other structures (1.84 μm versus 2.06 μm for the 500 nm porous core−shell structure). At wavelengths corresponding to UV light (λ < 370 nm), the absorption in most of the porous geometries exceeded those for the equal-radius plain case, indicating advantageous light-trapping at these wavelengths. Although the pores were assumed to have a perfectly crystalline structure, no strong wavelength-dependent features characteristic of photonic crystals were observed in the simulations.
In granular WO 3 films, the minority-carrier collection profile is an exponential function of the distance to the semiconductor−electrolyte interface, with a characteristic minority-carrier collection length of L = 500 nm. 20 The overall carrier-collection yield can be approximated by weighting the distribution of the absorption by an exponential function exp(−d/L), where d is the distance from a point in the absorber to the nearest interface. Figure 4a−d shows a stepwise example of this calculation for the absorption profiles presented in Figure 3d ,e. While there is absorption in the Si core, it is treated as parasitic and therefore does not contribute to this calculation. For the plain core−shell structure, the contribution of absorption to the approximate collection yield was significantly reduced as d increased, because photogenerated carriers are more likely to be lost to bulk recombination than to be collected at the interface. For the porous core−shell structure, d is small over the entire WO 3 volume, as shown in Figure 4b . Thus, most absorption occurs in WO 3 that has a high probability of collection (Figure 4c) , and roughly 95% of the absorption contributed to the collection yield in this example. This behavior is also evident when comparing the absorption in plain and porous structures as a function of d (Supporting Information Figure SI. 3). The microstructure of the porous core−shell microwire limits the depth of absorption to d smaller than the minority-carrier diffusion length, L, for all pore diameters. In plain core−shell microwires, a significant fraction of absorption occurs for d > L, and reduces the contribution of that absorption to collection. When accounting for the minority-carrier diffusion length by calculating a collection yield from the absorption profile, the porous core− shell structures demonstrated enhanced simulated carriercollection yield Φ sim (λ) compared to both the equivalentvolume and equivalent-radius plain core−shell structures (Figure 4e ). (a) Two-dimensional slice of the three-dimensional absorption profile for 400 nm illumination in the equal-radius core−shell FDTD geometry (top row) and in the 1000 nm templated porous core−shell geometry (bottom row), plotted on the same logarithmic color scale. These absorption profiles were used to estimate the carrier-collection yield in the shell volume by accounting for L, the minority-carrier diffusion length, of the WO 3 material. (b) The calculated distance to the nearest interface (d), where photoinduced minority carriers can be collected at the semiconductor−electrolyte interface. For an increase in the d/L ratio, the likelihood that the carrier will be collected is reduced with a profile that decreases exponentially, with L ∼ 500 nm from scanning photocurrent measurements. 20 (c) exp(−d/L), the structural weighting function used to estimate carrier collection from the absorption profiles. (d) The collection profile as calculated from the product of (a) and (c), which indicates absorption that results in current generation. In the equal-radius structure, a significant amount of absorption occurs deep in the shell structure, reducing the likelihood that photogenerated carriers are collected at the interface. The porous shell structure reduces the collection distance d, which enables more photogenerated carriers to be collected. (e) The fractional collection-yield spectra, Φ sim (λ), for the WO 3 shell component, calculated by weighting the local absorption profile by an exponential function exp(−d/L), where d is the distance from the point to the nearest interface, and L is the minority-carrier diffusion length of WO 3 (L = 500 nm), and integrating over the entire WO 3 volume. (f) An estimate of the photocurrent generated by these structures under AM1.5G illumination, j sim , as calculated from Φ sim (λ) .
This wavelength-dependent collection yield was weighted to the solar spectrum to estimate the photocurrent densities, j sim , generated under sunlight for each microwire geometry ( Figure  4f) . Specifically, the simulated collection yield Φ sim (λ) was weighted to the photon density at each wavelength in the AM1.5G spectral photon flux. The wavelength-integrated quantity represents a simulated photocurrent density. For the 350 nm pore-diameter porous core−shell geometry, the simulated photocurrent density was enhanced by 246% (j sim = 0.180 mA cm ), and by 73% over the equal-radius plain geometry (j sim = 0.104 mA cm −2 ), even though the active absorber volume in the porous core−shell geometry was only one-third of that in the equal-radius case. These enhancements were very similar to those calculated for the 500 nm (j sim = 0.167 mA cm ; 27% increase versus j sim for the equal radius plain core−shell case). The ratio of the calculated j sim values for the 750 nm geometry and the 500 nm geometry (0.132/0.167 = 0.790) structures was nearly the same as the ratio of their projected areas (0.798).
The simulation results were compared to the experimentally observed behavior of electrodes prepared from plain and porous core−shell microwire arrays on p + -Si wafers. The approximate diameters for the plain core−shell microwire structures were measured from SEM images to be 2.2(±0.1) μm for the −1.0 C cm −2 case (equal deposition) and 3.8(±0.1) μm for the −2.0 C cm −2 case (2×-deposition). The porous core−shell structures had an average diameter of 3.0(±0.3) μm. The observed diameters of the porous core−shell structures are bounded by the equal-deposition and 2×-deposition cases. This allows for comparisons to be made for plain and porous structures with equal volumes of photoanodically active semiconductor material and for increased absorption in largediameter plain structures due to the larger projected areas of the 2×-deposition microwires. Figure 5a shows the measured wavelength-dependent external quantum yield (Φ ext ) obtained from the spectral response data measured in 100 mM tetra-n-butyl ammonium hydrogen sulfate (TBA-HSO 4 ) in CH 3 CN at an electrode potential of 1.0 V versus a Pt wire in the electrolyte solution to quantify the enhancement due to the templated porosity. The details of the electrochemical methods are described in the Supporting Information. Data are shown for the −1.0 C cm −2 plain core−shell electrode, the −2.0 C cm −2 plain core−shell electrode, and the −0.25/-0.75 C cm −2 porous core−shell electrodes. The external quantum yield, Φ ext , for the −1.0 C cm −2 plain core−shell photoelectrodes showed a slight peak at ∼320 nm (Φ ext ∼ 0.04) with a monotonic decrease to zero for increasing wavelength. The larger diameter plain core−shell electrode (−2.0 C cm −2 ) exhibited an increased Φ ext (maximum of 0.055 at 390 nm) at wavelengths in the nearvisible portion of the spectrum and finite Φ ext values for wavelengths up to 450 nm. The Φ ext values for the porous core−shell microwire electrodes exceeded those for the largest diameter plain core−shell electrode at all wavelengths, λ, <400 nm. Each of these electrodes demonstrated a maximum Φ ext value at 370−380 nm and finite values of Φ ext for λ < 450 nm. The maximum Φ ext value in all of the porous core−shell cases was ∼0.07, except for the 500 nm pore case, where the maximum was Φ ext = 0.092. The overall shape of the spectral response for the 500 nm pore case was roughly identical, which is probably due to a slight difference in the underlying microwire substrate (e.g., shorter wires resulting in a larger diameter shell structure) and not to the pore diameter being favorable for light-trapping. For λ > 400 nm, the Φ ext for each of the porous core−shell electrodes was smaller than the Φ ext of the large plain electrode, but Φ ext was still enhanced by ∼100% relative to the equal-deposition plain electrode. At λ = 420 nm, the smallest value for the Φ ext of a porous core−shell electrode was 0.016 (1000 nm pores), while Φ ext = 0.008 for the −1.0 C cm −2 plain core−shell electrode . Figure 5b shows the overall effect of the enhancement in the spectral response of the porous core−shell microwire electrodes in voltammetric measurements under simulated AM1.5G solar illumination. The observed hysteresis in the current density versus potential (J−E) behavior is attributed to masstransport issues in the structured electrodes, as well as to WO 3 oxidation and reduction at negative potentials. At a bias of 1.5 V versus Ag/Ag + , the photocurrent density of the −1.0 C cm ), despite the larger diameter of the plain electrode. The porous core− shell electrodes showed a 150−200% increase in photocurrent density relative to values observed for the small diameter, −1.0 C cm −2 plain core−shell structure (0.06 mA cm −2 at 1.5 V vs Ag/Ag + ), even though the electrodes were prepared using the same total WO 3 electrodeposition charge density.
The photoelectrochemical experiments and simulations demonstrate the advantage of hierarchical structuring of this microwire geometry. Consistently, the cyclic voltammetric and external quantum-yield measurements of the porous core−shell electrodes demonstrated an enhancement in performance relative to both the equal-volume plain core−shell electrode and to a plain electrode with significantly larger shell diameters than the porous core−shell structures. The Φ ext values for porous core−shell structures (Figure 5a ), as well as the photocurrent densities determined from the voltammetric experiments (Figure 5b) , showed semiquantitative agreement with the carrier-collection yields calculated from the FDTD simulations (Figure 4e,f) . This agreement indicates that the observed improvements are caused both by increased absorption due to the extended diameter of the porous structures as well as reduced distances needed to collect photogenerated charge carriers. In the porous structures, light absorption occurs in regions of the semiconductor close to a semiconductor/liquid interface where the exponential profile for collection suggests that the internal quantum yield is nearly unity. The lack of dependence of the shape of the Φ ext (λ) data on the pore diameter suggests that any increased light absorption is due to scattering as opposed to photonic modes that arise in the inverse opal structure of the electrodeposited shell. The observed behavior is also consistent with the results of optical simulations of the porous core−shell structures in which the network of pores lies on a perfect face-centered cubic (fcc) lattice. Even though an fcc lattice of microspheres exhibits a complex photonic band structure, 21 relative to plain core− shell structures, the limited volume of the core−shell microwire geometry prevents any substantial enhancements beyond increased scattering.
Because the surface area of the porous core−shell electrodes increases with decreasing pore diameter, possible contributions to the photoelectrochemical enhancement that might be associated with increased surface area, such as a reduced catalytic overpotential, are minimal. When the pore diameter was changed, the photoelectrochemical performance did not change, indicating minimal effects due to increased surface recombination. When the surface area was increased, the nanocrystalline nature of the electrodeposited WO 3 16 was unchanged. The porous electrodeposition template reorganizes the grains in the conformal film rather than exposes new semiconductor interfaces, and therefore should not produce increased surface recombination. The most influential factor determining the photoelectrochemical performance of the core−shell microwires is the fraction of the shell that is porous, as shown by the difference in simulated absorption and collection for the smaller diameter 750 nm-porous core−shell case versus the other porous cases. Although the absolute photocurrent is low compared to that produced by continuous thin-film WO 3 electrodes, the shell can be grown to larger diameters to significantly increase the collected photocurrent, maintaining the monolithic microwire architecture while approaching the performance of a continuous film. Additionally, not all of the active photoanodic WO 3 absorbs light that is incident along the direction parallel to the microwire axis. A more optimal device design to increase light absorption would therefore incorporate light-scattering particles in the empty space between wires 15 and disorder into the microwire alignment.
Sidewall-microsphere lithography can enhance the materials utilization in a number of semiconductor-based device designs. Templated porosity provides an approach to improving light absorption in semiconductors with volume constraints (such as for expensive materials) by increasing the projected area of the same volume of light absorber and also enhances the performance of inexpensive semiconductors, typically characterized by poor electronic properties, by reducing the distances that carriers must drift and/or diffuse before being collected at an interface. When the shell material has excellent electronic and absorption properties, the technique could benefit device design by allowing for facile catalyst patterning and loading (preassembled on microspheres and integrated into the device design during the deposition) or by enabling the catalyst to be buried in the base layer of the semiconductor and thereby minimize parasitic absorption.
High-aspect-ratio, low-volume semiconductor structures are ubiquitous in electronic, optical, and biological applications. 22 Although sidewall-microsphere lithography has been described herein in the context of photoelectrochemical solar applications, sidewall-microsphere lithography is a general technique for the templated deposition of materials onto high-aspect-ratio substrates, via infiltrating deposition methods like chemicalvapor deposition, atomic-layer deposition, or electrodeposition. However, the choice of materials and chemical etchants must be compatible with the deposition techniques. For example, silica microspheres are useful for patterning at the high temperatures required for some deposition processes, where polymer-based microspheres would be melted or burned out of the substrate.
A notable observation regarding this technique is that the use of high-aspect-ratio structures enables the large-scale deposition of microsphere colloidal assemblies. The use of the sparse scaffold of the Si microwire array enabled the quick and controllable deposition of colloidal crystals with substantial thicknesses in a single deposition step, while maintaining enough crystallinity that the deposited layer was opalescent.
The speed and opalescence of the deposition only depended weakly on the microspheres selected for use, but depended strongly on the height of the microwire scaffold. For planar substrates, the densification of microspheres at the air−water interface during evaporation caused the formation of an FCC colloidal crystal 23 with a film thickness dependent on the microsphere diameter and temperature of deposition. 24 The dependence of microsphere self-assembly on the length of the microwire scaffold suggests that this process may be different from that for microsphere colloidal growth on planar materials. Surface interactions 25 or confinement 26 may promote layers of microspheres to wet the surface of the microwire, which can act to template a close-packed, crystalline structure in the arrayvoid volume as evaporation-induced densification occurs. The facile crystallization of colloids near surfaces patterned with a commensurate wetting layer has been demonstrated in simulations 27 and in experiments. 28 Further investigations of the dynamics of microwire-assisted microsphere self-assembly can elucidate the exact mechanism of template formation. Microsphere-based solid materials have a variety of photonic, electrochemical, and sensor applications, and structured substrates may provide the ability to pattern these materials at scale. The scaffold itself can be an active material for electronic or wave-guiding applications. The ordered structure of microspheres inside the scaffold also suggests that interesting materials with photonic-crystal-like optical properties may be synthesized from these templates if the inverse structure is prepared at larger dimensions than studied herein.
The advantages of independently structuring semiconductor materials in tandem architectures have been demonstrated in this work. Specifically, inducing porosity in electrodeposited WO 3 thin films on Si microwire arrays enhanced the anodic photocurrent density relative to that observed for conformally deposited thin films. In the electrochemical experiments and simulations of core−shell microwire structures described herein, this enhancement resulted in increases of nearly 200% in the photocurrent density, given identical electrodeposition parameters. These structures were engineered by templating the electrodeposited films with self-assembled microsphere colloidal crystals grown in the microwire arrays. These assemblies grew to the capacity of their microwire-array scaffolds in a single step, which suggests that the confinement drove the self-assembly in these substrates, rather than an evaporation front. While this process increased the performance of the tandem photoelectrochemical structures described herein, the facility of its usage suggests that structured substrates may be a strategy for utilizing these self-assembled structures in a variety of large-scale applications.
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